



Current trends in the development of electric rolling stock 
require the creation of modern energy-saving technologies in 
traction electric drives [1].
The increase of power efficiency of electrified railroads is 
achieved through various measures. One of the main is the 
use of traction drives based on promising types of traction 
motors, such as asynchronous [2, 3], jet [4] and others. Also, 
power efficiency of the rolling stock is affected by the efficien-
cy of using traction and regenerative braking modes [5, 6], 
design and element base of power circuits, and so on.
A large number of goods are transported by the AC rolling 
stock, in which the implementation of traction and regeneration 
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Дослiджено режими роботи однофазного 4qs-перетворю-
вача з широтно-iмпульсною модуляцiєю в складi електрору-
хомого складу змiнного струму. Розроблено методу визна-
чення параметрiв ШIМ, при яких реалiзується оптимальний 
за критерiєм мiнiмiзацiї величини реактивної потужностi в 
системi «локомотив – тягова мережа» режим роботи пере-
творювача.
Особливостями запропонованої методи є роздiлення про-
цесу визначення оптимальних параметрiв ШIМ на 2 етапи, 
що дозволяє видалити з iмiтацiйної моделi непотрiбнi на дано-
му етапi блоки та зменшити сумарний час моделювання. На 
першому етапi визначаються значення коефiцiєнту потуж-
ностi та струму ланки постiйного струму в усьому дiапазонi 
коефiцiєнтiв модуляцiї та зсуву мiж мережевим струмом 
та опорним синусоїдальним сигналом. Далi, з отриманого 
масиву даних видiляються пари значень параметрiв ШIМ, за 
яких реалiзується найвищiй коефiцiєнт потужностi системи 
«електровоз – тягова мережа», та заносяться до табличною 
системи завдання параметрiв ШIМ. На другому етапi визна-
чається залежностi електричних втрат, а, отже, й ККД, та 
коефiцiєнту нелiнiйних спотворювань мережевого струму вiд 
тактової частоти перетворювачi. Визначення електричних 
втрат ґрунтується на обчисленнi енергiї, що була розсiяна 
протягом 1 с на IGBT-транзисторi та снаберному резисторi 
в залежностi вiд миттєвих значень струму через них.
Для знаходження параметрiв ШIМ за наведеною мето-
дою розроблено iмiтацiйну модель 4qs-перетворювача, про-
ведено iдентифiкацiю параметрiв ШIМ перетворювача елек-
тровозу для тестової задачi. Визначено, що енергетичнi 
показники перетворювача залежать нелiнiйно вiд трьох 
керуючих величин, що є параметрами ШIМ: коефiцiєнту 
модуляцiї, зсуву мiж мережевим струмом та опорним сину-
соїдальним сигналом, та тактовою частоти ШIМ.
Визначено, що перетворювач з iдентифiкованими параме-
трами ШIМ забезпечує одиничний коефiцiєнт потужностi 
тягової мережi при навантаженнi бiльше 10 % вiд номiналь-
ного в режимах тяги та рекуперативного гальмування.
Отримано залежнiсть електричних втрат перетворю-
вача та коефiцiєнту нелiнiйних спотворень в тяговiй мережi 
вiд тактової частоти ШIМ. Визначено, що рацiональне зна-
чення тактової частоти лежить в iнтервалi 900…2000 Гц, 
при цьому ККД перетворювача досягає 98…95 %, коефiцi-
єнт нелiнiйних спотворень складає 12…5 %. Визначено, що 
виключення з силового кола снаберної ланки може суттє-
во зменшити сумарнi електричнi втрати. Встановлено, що 
втрати на паразитних опорах фiльтрiв незначнi, тому їх 
можна не враховувати в загальному балансi втрат
Ключовi слова: 4qs-перетворювач, електрорухомий 




Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 5/5 ( 95 ) 2018
30
modes is complicated by the need to maintain not only a certain 
level of consumed or applied voltage, but also a certain phase 
shift between the current and voltage of the traction network. 
It is also desirable to ensure, if possible, low total harmonic cur-
rent distortion of the traction network. The most widespread in 
the AC rolling stock were input traction transducers with zone-
phase regulation. Due to their peculiarities, such transducers 
produce a large amount of reactive power and higher current 
harmonics, which negatively affects the power factor and elec-
tromagnetic compatibility of the rolling stock. Therefore, the 
work aimed at researching traction transducers with a reduced 
level of the reactive component and higher current harmonics 
of the network is considered relevant.
2. Literature review and problem statement
To ensure high power efficiency of the modern AC rolling 
stock, various technical means providing optimum values of 
all three above-stated parameters are used. Such means are 
systems with active bootstraps [7, 8], four-quadrant transduc-
ers [9, 10], reactive power compensators [11, 12]. The most 
widespread is the use of four-quadrant transducers (4qs trans-
ducers), as those that do not require additional transducers and 
have high power characteristics.
The detailed design and operating principles of 4qs trans-
ducers are given in [9, 10, 13–17]. In [9, 13], theoretical prin-
ciples of construction are considered, calculation schemes and 
mathematical description of processes in the transducer are 
given, and the test simulation of the transducer in the traction 
and regenerative braking mode is performed. It is determined 
that the operating modes of the transducer are set by the value 
of the shift between the network current and the reference sine-
wave signal, as well as the modulation depth of the reference 
signal. However, in these works, the dependence of the energy 
parameters of the transducer on the control quantities is not 
determined, only recommendations for the construction of 
controllers are given.
In [10], the simulation of the motion of several locomotives 
along the section of the AC electrified road is performed, power 
loss in 4qs transducers in the traction mode is determined, and 
the comparison of the calculated results with the experimental 
results is made.
In [14], the mathematical model of a single-phase bridge 
transducer with the discharge diode as a part of the AC electric 
rolling stock with commutator traction motors is developed. 
The values of modulation frequency and depth, providing the 
power factor greater than 0.9 and the total harmonic distor-
tion in the power network are determined. Electromagnetic 
processes at three values of modulation frequency (900, 1,200, 
1,800 Hz) are investigated.
In [15], the mathematical description of the transducer and 
the structure of the control system of the modulation depth 
and phase shift between the network current and the reference 
signal is given. As a result of the test simulation, the efficiency 
of the proposed control system is confirmed, however, such 
a system is characterized by complexity and low accuracy of 
maintaining the power factor, and requires a large number of 
calculations in real time. Also, no methodology for determining 
the coefficients of the PI controllers of the control system is 
given in the work.
In [16], the control algorithm of the active input rectifier of 
the IGBT-based electric locomotive is given, simulation of the 
“traction substation – traction network – electric locomotive” 
system is carried out. It is determined that when using the 
proposed transistor rectifier, the power factor is higher than 
when using a thyristor rectifier and is at least 0.95. However, 
the secondary current and voltage of the traction transformer 
are essentially non-sine-wave, which leads to the generation of 
higher current harmonics in the traction network.
In [17], the active rectifier control system, the individual 
circuits of which maintain the traction motor current and the 
traction network power factor, is proposed. It is determined 
that the control system is capable of maintaining the power fac-
tor equal to one at currents larger than a certain value; at lower 
currents, the power factor maintenance circuit is disabled. 
Problems of synchronization of the reference sine-wave signal 
with the traction network current are considered.
The literature review allows concluding that the use of the 
transistor active rectifier or 4qs transducer greatly improves 
the power factor of the traction network compared to the tradi-
tional thyristor rectifier. However, in the literature, except [14], 
there is no determination of the effect of clock frequency on the 
transducer efficiency and total harmonic distortion. The prob-
lem of direct maintenance of the power factor at the level of one 
is solved in [17], but the question of maintaining the maximum 
possible factor at low currents is not considered. In the litera-
ture, the traction mode is mainly considered, the regenerative 
braking mode is considered insufficiently, which does not allow 
using the obtained results for the construction of a complete 
control system of the input transducer.
3. The aim and objectives of the study
The aim of the work is to develop a method for determin-
ing the parameters of pulse-width modulation, which set the 
operating modes of the 4qs transducer, which ensure high 
power efficiency in the traction and regenerative braking modes 
throughout the range of operating currents.
To achieve the aim, the following objectives were accom-
plished:
– to develop a method of identification of the PWM param-
eters of the 4qs transducer, which ensures high power efficiency 
in the traction and regenerative braking modes throughout the 
range of operating currents;
– to develop a simulation model of the 4qs transducer in the 
AC electric locomotive;
– to determine optimum values of the coefficients of mod-
ulation and shifts between the network current and the refer-
ence sine-wave PWM signal for the entire range of currents 
in the traction and regenerative braking modes of the electric 
locomotive;
– to investigate the dependence of power loss in the trans-
ducer elements and total harmonic distortion on the transducer 
clock frequency and to select its rational value.
4. Basic provisions of the developed method of 
identification of optimum parameters and rational clock 
frequency of PWM of the transducer
As a power part of the 4qs transducer, a two-tier design, 
the equivalent circuit of which is shown in Fig. 1 is the most 
commonly used in practice.
A table system of setting the pulse-width modulation 
parameters, shown in Fig. 2, is proposed. Such a system uses 
pre-calculated values of the coefficients of modulation KM 
Applied physics
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and shifts between the network current and the reference sine-
wave signal KS for the entire range of currents in the DC link.
The proposed method consists of the following steps:
Step 1. Simulation of the transducer at different coeffi-
cients of modulation and shift between the network current 
and the reference sine-wave signal. According to the sim-
ulation results, the dependences of the power factor in the 
traction network on the coefficients of modulation KM and 
shift between the network current and the reference sine 
wave signal KS, with KM varying within (0...1), KS – in the 
range of (0...1) for the regenerative braking (–1…0) and trac-
tion mode were obtained. At this step, part of the model that 
determines power loss in the transducer elements is disabled.
Step 2. Based on the results of step 1, determination of 
the modulation and shift coefficients, providing the maxi-
mum power factor in the traction network at different cur-
rents of the DC link. Entering the obtained pairs of values 
in the table of the control system of the electric locomotive 
transducer.
Step 3. Determination of power loss in the transducer 
elements and total harmonic distortion of the network 
current at different values of the clock frequency. Selec-
tion of the rational value of clock frequency. At this step, 
the table of modulation and shear coefficients obtained in 
ste 2 is used, part of the model defining their 
optimum values is disabled.
5. Description of the developed simulation 
model of the 4qs transducer in the AC 
electric locomotive 
To identify the PWM parameters, the sim-
ulation model of the input traction 4qs trans-
ducer is developed in Matlab-Simulink, its 
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The model uses the method of 
generating control signals of IGBT 
transistors described in [9]. The 
comparison of the sawtooth clock 
signal with the reference sine-wave 
signal for controlling the transis-
tors of one rack, and with the re-
verse reference sine-wave signal 
for controlling the transistors of 
another rack is used. Fig. 4 shows 
the diagrams of generating control 
signals with the modulation coeffi-
cient equal to 1.
The generation unit of PWM signals of the transducer 
is implemented with the help of the Сontrol_block block, 
the input parameters of which are 
the sawtooth clock signal, the shift 
between the network current and 
the reference sine-wave signal, and 
the modulation coefficient. The 
output parameters are signals for 
the opening of IGBT transistors 
and transducer mode (traction or 
regenerative braking). The output 
signals are generated by the method 
described in [9], the general view of 
the block is shown in Fig. 5.
 To display the power char-
acteristics of the transducer, ob-
tained as a result of the simulation, 
the Measurement_block block is 
designed (Fig. 6).
The voltage and current of the 
DC link Ud, Id are transferred to 
the Votage filter and Current filter, 
respectively, which allocate a con-
stant component from the signal 
and give to the U_DC_Link, IDC_
Link indicator. The product of the 
constant components is equal to 
the power in the DC link and is dis-
played on the DC_Power indicator.
The secondary voltage and current of the transformer UN, 
IN are transferred to the UN_filter, IN_filter filters, which al-
locate the first harmonic amplitude and angle from the signal 
on the vector diagram. The RMS values of the first harmonic 
amplitudes are displayed on the RMS_UN, RMS_IN indi-
cators. The THD block measures the total harmonic current 
distortion of the traction network, which quantitatively char-
acterizes the anharmonicity of current caused by the pulse 
nature of the transducer. The value of the determined THD 
in percent is displayed on the THD_% indicator.
The difference between the absolute values of angles on 
the vector diagram of the secondary current and voltage of the 
transformer is equal to the angle of shift between the voltage 
and current of the traction network, the cosine of which is de-
termined by the cos_fi block. By multiplying the RMS values 
of the secondary voltage and current of the transformer, the 
power factor obtained in the cos_fi block and the Set_mode 
coefficient taking into account the operating mode of the 
transducer, we obtain the active power consumed or given to 
the network by the 4qs transducer. The best_fi I_DC_link 
oscilloscope displays the obtained DC links and the power 
factor in the traction network at given PWM parameters: the 
shift between the network current and the reference sine-wave 









Power loss in the transducer elements is calculated by 
the Powerloss_block block, shown in Fig. 7. This block 
allows determining the loss of the IGBT transistors of the 
transducer and parasitic resistance of the filter elements. In 
order to reduce the simulation time, the loss only of one of 
the four transducer transistors is calculated, the total loss is 
determined as loss of one transistor multiplied by 4.
Power loss of the IGBT transistor consists of the tran-
sistor and freewheeling diode conduction loss, transistor 
switching loss, freewheeling reverse recovery loss diode and 
snubber loss, if present. The block of determination of IGBT 
transistor loss is shown in Fig. 8.
Loss determination is based on the calculation of the 
energy dissipated within 1 s on the IGBT transistor and the 
snubber resistor. The calculation of the energy dissipated on 
the transistor is carried out in accordance with instanta-
neous currents through the transistor or freewheeling diode 
by the method given in [18].
Reference dependences are provided in the graphical 
form, quadratic or cubic regressions obtained as a result of 
the approximation of graphically displayed functions are 
used in the simulation. The transistor crystal temperature 
during the simulation is assumed to be constant and equal 
to 100 ºС.
For the calculation of static loss of the transistor and 
freewheeling diode, the IGBT_CONDUCTION_LOSS-
ES and DIODE_CONDUCTION_LOSSES blocks, re-
spectively, are used, their arrangement is shown in Fig. 9. 
The reference dependence of direct voltage drops of the 
diode and collector-emitter junction in the on-state state 
on current is given in the voltage_drop block.
Dynamic loss of the transistor is calculated in the 
IGBT_SWON_SWOFF_LOSS block, as shown in 
Fig. 10. Dynamic loss of the freewheeling diode is calcu-
lated in the DIODE_REEVERSE_RECOVERY_LOSS 
block, shown in Fig. 11.
Fig.	8.	Block	of	determination	of	the	IGBT	transistor	loss
Fig.	7.	Block	of	determination	of	power	loss	in	the	transducer	elements
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Reference dependences of the en-
ergies of switching on and off the cur-
rent transistor are given in the Eswon, 
Eswoff blocks, the dependence of the 
reverse recovery energy of the diode on 
the current through it is given in the 
Err block.
Fig. 12 shows the SNUBBER_RE-
SISTOR_LOSS block, which imple-
ments the calculation of loss on the 
snubber resistor of the fixing dissipative 
snubber, the parameters and loss calcula-
tion method of which are chosen accord-
ing to [19].
For the calculation of the filter par-
asitic resistance loss, the Filter_parasit-
ic_resistance_loss block, shown in Fig. 
13 is used. Due to the fact that the filters 
are connected directly to the DC link, 
the loss in them is determined by simple 








6. Identification of optimum values of  
the PWM parameters for the test problem
To determine the PWM parameters for the optimum 
power factor in terms of minimizing the reactive power in 
the “locomotive – traction network” system, test simula-
tion of the 4qs transducer is carried out according to the 
above-mentioned method. Basic parameters of the power cir-
cuit of the AC passenger electric locomotive, used in solving 
the test problem, are given in Table 1.
The simulation results are shown in Fig. 14. The value of 
the power factor for the regenerative braking mode and the 
shift coefficient for the traction mode are given for illustra-
tive purposes.
Using the obtained data, the pair of values (KM, KS), in 
which the power factor is maximum for the traction mode and 
minimum for the regenerative braking mode at different cur-
rents of the DC link was chosen, the obtained dependences are 
shown in Fig. 15. The figures are: 1 – shift between the network 
current and the reference sine-wave signal, 2 – modulation co-
efficient, and 3 – power factor (cos φ) of the traction network.
The obtained dependences were the basis of the system of 
generation of control signals of transistors, thus the modified 








Secondary voltage of the traction transformer, V 1,310
Reduced inductive resistance of the traction transformer, H 4·10-3
Reduced active resistance of the traction transformer, Ohm 0.01
Filter condenser capacity, F 0.01
Filter capacitor parasitic resistance, Ohm 1·10-3
Second harmonic filter condenser capacity, F 6.6·10-3
Second harmonic filter inductance, H 0.38·10-3
Second harmonic filter parasitic resistance, Ohm 2·10-3
Reduced EMF of the traction motor, V 2,400
Reduced inductance of the traction motor, H 1·10-3
Reduced resistance of the traction motor, Ohm 0.05
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Fig. 16 shows graphs of currents, voltages and power fac-
tor of the traction network obtained during the operation of 
the modified transducer with the load of 80 % in the traction 
and regenerative braking modes. The figures are: 1 – voltage 
of the traction network, 2 – current of the traction network, 
3 – DC link current, 4 – DC link voltage, 5 – power factor 
multiplied by 1,000.
7. Determination of the dependence of transducer power 
loss and total harmonic distortion on the transducer clock 
frequency 
As a result of the simulation, the dependences of the 
loss and total harmonic distortion on the transducer clock 
frequency are obtained. Fig. 17 presents the specified depen-
dences in the traction and regenerative braking modes at the 
rated power of the transducer.
In the simulation of the transducer with the clock fre-
quency of 900 Hz, the dependences of efficiency on the DC 
link current (Fig. 18) and the distribution of power loss in 
the elements are obtained (Fig. 19).
The dependence of the transducer power loss on the type 
of IGBT transistors used and clock frequency is determined. 






















tion on clock frequency is determined. It is found that the 
rational clock frequency lies within 900...2,000 Hz. At such 
clock speed, the transducer efficiency is 98...95 %, total har-
monic distortion is 12...5 % in the load range of 10...100 % of 
the rated one. With the load of less than 10 %, the efficiency 
decreases due to the occurrence of the reactive component of 
the network current and the relative loss increase in power 
switches. It is determined that for such a transducer, the 
exclusion of the snubber from the design can significantly re-
duce power loss. It is found that the filter parasitic resistance 
loss is insignificant, so they can be ignored in the simulation 
of such transducers.
8. Discussion of the results of the study of the 4qs 
transducer 
The developed method of identification of the PWM 
parameters of the 4qs- transducer has the following features:
– maintenance of the maximum possible power factor of 
the traction network throughout the range of electric loco-
motive currents in both traction and regenerative braking 
modes;
– determination of the influence of clock frequency on 
the transducer efficiency and total harmonic distortion; 
– accounting of nonlinear characteristics of the IGBT 
transistors of the transducer.
As can be seen from Fig. 15, 18, a sharp decrease in the 
transducer power factor and efficiency occurs at the load of 
0...10 %. The effect of deterioration of power parameters at 
small currents on the integrated value is insignificant, so it is 
considered inappropriate to use additional systems that im-
prove the power performance of these modes, such as active 
filters or bootstraps.
As can be seen from Fig. 14, a rather high power factor is 
maintained under a small variation of the PWM parameters 
KM and KS in the zone of near optimum values. This can be 
explained by a rather small deviation of the power factor in the 
vicinity of the optimum point, that is, with a small discrepancy 
between the current PWM parameters with the optimum ones.
Thus, the transducer with the table system of setting the 
PWM parameters can provide a relatively small value of the 
reactive power component in the traction network.
Features of the proposed transducer require a traction 
transformer with a significant value of leakage inductance 
used as the operating inductance of the transducer. Such an 
approach can limit the use of traction transformers of the AC 
rolling stock with the zone-phase control method.
The given model of the traction transducer does not 
consider possible variations of frequency and voltage in 
the traction network, as well as variation of the specified 
parameters of the traction motor when the load is changed. 
The development of the control system that implements the 
optimum PWM parameters obtained by the proposed meth-
od and takes into account the above-mentioned factors is 
considered the subject for further research.
9. Conclusions
1. The method of identification of the PWM parameters 
of the 4qs transducer, which ensures high power efficiency 
in the traction and regenerative braking modes in the whole 
range of operating currents is developed. The method con-
sists of the following steps:
– simulation of the transducer at various values of the 
modulation coefficient and coefficient of shift between the 
network current and the reference sine-wave signal;
– according to the results of stage 1, determination of 
modulation and shift coefficients, providing the maximum 
power factor in the traction network; entering the obtained 
values in the table of the control system of the electric loco-
motive transducer;
– determination of power loss in the transducer elements 
and the value of total harmonic distortion of the network 
current at different values of clock frequency; selection of the 
rational value of clock frequency.
The feature of the method is the calculation of the de-
pendences of the power factor of the traction network on the 
PWM parameters, carried out in the first step, only once 
and with a rather large sampling step. Due to this approach 
and rather small influence of variation of the PWM param-
eters near the optimum values on the power factor of the 
4qs transducer, it is possible to obtain a well-working table 
control system over a short period of time.
According to the proposed method, the identification of 
the optimum values of the PWM parameters of the AC elec-
tric locomotive transducer for the test problem is carried out.
2. The simulation model of the 4qs transducer in the AC 
electric locomotive is created. The peculiarity of the model is 
the determination of the power factors of the traction network 
and current in the DC link at all values of the input PWM 
parameters on the first step, after which the optimum vectors 
of the input PWM parameters in terms of the minimum reac-
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the control system of the IGBT transistors of the transducer. 
In the second step, power loss in the optimized transducer is 
determined using the parameters of real IGBT transistors and 
taking into account the variation of parameters depending on 
the current and voltage on them. The process of determining 
the PIM parameters is divided into 2 steps, which allows re-
moving unnecessary blocks from the simulation model. Also, 
due to division, simplification of the model and reduction of 
the simulation time of each of them are achieved.
3. For the given example, the dependence of the coeffi-
cients of modulation and shift between the network current 
and the reference sine-wave signal on the DC link current, 
which provide the maximum power factor for the entire 
range of currents in the traction and regenerative braking 
modes of the electric locomotive is found. It is determined 
that the developed system is able to provide the maximum 
power factor in the load range of 10...100 % of the rated one. 
In the load range of 0...10 % of the rated one, the power factor 
is reduced, which is due to the features of the 4qs transducer. 
It is determined that provision of the near optimum power 
factor of the “electric locomotive network” system is possible 
with the help of a simple table system of setting the PWM 
parameters. It is considered promising to use a simple PWM 
controller, in which rather large errors will be compensated 
by a predetermined operating range of output values.
4. It is determined that for the given example, the rational 
clock frequency of the transducer lies within 900...2,000 Hz. 
At such clock speed, the transducer efficiency is 98...95 %, 
total harmonic distortion is 12...5 % in the load range of 
10...100 % of the rated one.
References
1. Energy Efficiency and its contribution to energy security and the 2030 Framework for climate and energy policy // Communication 
from the commission to the European Parliament and the Council. Brussels, 2014. URL: https://ec.europa.eu/energy/sites/ener/
files/documents/2014_eec_communication_adopted_0.pdf
2. Analysis of optimal operating modes of the induction traction drives for establishing a control algorithm over a semiconductor 
transducer / Liubarskyi B., Petrenko А., Shaida V., Maslii A. // Eastern-European Journal of Enterprise Technologies. 2017. Vol. 4, 
Issue 8 (88). P. 65–72. doi: https://doi.org/10.15587/1729-4061.2017.109179 
3. Optimization of thermal modes and cooling systems of the induction traction engines of trams / Liubarskyi B., Petrenko О., Iakunin D., 
Dubinina O. // Eastern-European Journal of Enterprise Technologies. 2017. Vol. 3, Issue 9 (87). P. 59–67. doi: https://doi.
org/10.15587/1729-4061.2017.102236 
4. Quality assessment of control over the traction valve-inductor drive of a hybrid diesel locomotive / Buriakovskyi S., Babaiev M., 
Liubarskyi B., Maslii A., Karpenko N., Pomazan D. et. al. // Eastern-European Journal of Enterprise Technologies. 2018. Vol. 1, 
Issue 2 (91). P. 68–75. doi: https://doi.org/10.15587/1729-4061.2018.122422 
5. Nerubatskyi V. P. Rekuperatyvne halmuvannia na zaliznychnomu transporti yak odyn z vydiv enerhozberezhennia v systemi tiahy 
zminnoho strumu // Informatsiyno-keruiuchi systemy na zaliznychnomu transporti. 2012. Issue 2. P. 11–15. 
6. Serhienko M. I., Panasenko M. V., Chudnyi O. Yu. Shliakhy znyzhennia spozhyvannia reaktyvnoi enerhiyi v systemi elektrychnoi 
tiahy zminnoho strumu 25 kV, 50 Hts // Lokomotiv-inform. 2011. Issue 9. P. 4–9.
7. Honcharov Yu. P., Panasenko M. V., Bozhko V. V. Tiahovyi vypriamliach z reversyvnym voltododatkom na zapyraiemykh napiv-
providnykovykh pryladakh // Tekhnichna elektrodynamika. 2007. Issue 6.
8. Locomotives harmonic compensation by SiC auxiliary converter with active filter function / Mu M., Liu S., Lin F., Yang Z., Yasuoka I. // 
2017 IEEE Transportation Electrification Conference and Expo, Asia-Pacific (ITEC Asia-Pacific). 2017. doi: https://doi.org/ 
10.1109/itec-ap.2017.8080774 
9. Litovchenko V. V. 4q-S – chetyrekhkvadrantnyy preobrazovatel’ elektrovozov peremennogo toka // Izvestiya vuzov. Elektrome-
khanika. 2000. Issue 3. P. 64–73.
10. Macan M. Presentation of a four-quadrant converter based system in traction applications – Reference to modeling, simulation and 
analysis // 2007 European Conference on Power Electronics and Applications. 2007. doi: https://doi.org/10.1109/epe.2007.4417646 
11. Popkov A. B. Vliyanie ustanovki poperechnoy emkostnoy kompensacii na poteri energii v tyagovoy seti peremennogo toka // Trudy 
MIITa. 1990. Issue 819. P. 136–141.
12. Evstaf’ev A. M., Sychugov A. N. Povyshenie energeticheskoy effektivnosti elektrovozov peremennogo toka // Izvestiya Peterburg-
skogo universiteta putey soobshcheniya. 2013. Issue 1 (34). P. 22–30.
13. Poluyanovich N. K. Matematicheskoe opisanie processov 4q-S-preobrazovatelya // Izvestiya Yuzhnogo federal’nogo universiteta. 
Tekhnicheskie nauki. 2014. Issue 6 (155). P. 32–39.
14. Аnalysis of operating modes of single phase current source rectifier with rectangular stepped pulse width modulation / Krasnov A., Li-
ubarskyi B., Bozhko V., Petrenko О., Dubinina O., Nuriev R. // Eastern-European Journal of Enterprise Technologies. 2018. Vol. 3, 
Issue 9 (93). P. 50–57. doi: https://doi.org/10.15587/1729-4061.2018.131150
15. Silovye polnost’yu upravlyaemye poluprovodnikovye preobrazovateli (modelirovanie i raschet): monografiya / E. A. Krutyakov 
(Ed.). Sankt-Peterburg: «Elektrosila», 2003. 172 p. 
16. Yagovkin D. A. Razrabotka matematicheskoy modeli vypryamitel’no-invertornogo preobrazovatelya na IGBT-tranzistorah dlya 
elektrovoza peremennogo toka i ego bloka upravleniya v rezhime tyagi // Sovremennye tekhnologii. Sistemniy analiz. Modeliro-
vanie. 2015. Issue 3 (47). P. 197–202.
17. Michalík J., Molnár J., Peroutka Z. Single Phase Current-Source Active Rectifier for Traction: Control System Design and Practical 
Problems // Advances in Electrical and Electronic Engineering. 2011. P. 86–89.
18. Determining electrical losses of the traction drive of electric train based on a synchronous motor with excitation from permanent 
magnets / Liubarskyi B., Demydov O., Yeritsyan B., Nuriiev R., Iakunin D. // Eastern-European Journal of Enterprise Technologies. 
2018. Vol. 2, Issue 9 (92). P. 29–39. doi: https://doi.org/10.15587/1729-4061.2018.127936 
19. General Considerations for IGBT and IPM // Mitsubish Application Notes. URL: http://www.mitsubishielectric.com/semicon-
ductors/files/manuals/powermos3_0.pdf
